Metal nanoparticles (MNPs) are a class of nanomaterials that consist of clusters of reduced metal atoms. They play a pivotal role in areas such as optoelectronics[@b1][@b2], energy storage and conversion[@b3], catalysts for the production of fuels and chemicals[@b4][@b5][@b6][@b7] and biomedical applications[@b8][@b9]. MNPs tend to agglomerate to form large particles, a phenomenon known as Ostwald ripening, which results in a reduction of their surface area and a loss of their specific functions. A general strategy for preventing agglomeration is to cover the surface with passivation layers that block the direct contact of particles. Various surface-modification methods have been demonstrated to be effective in enhancing the stability of MNPs[@b10][@b11][@b12][@b13][@b14]. However, these methods are not free from problems. The presence of passivation shell unavoidably impedes the energy, electron and magnetic/spin exchanges and interactions with other molecules and thus stifles their inherent functions. A particular concern pertaining to the development of MNP-based catalysts is that the stability of MNPs is enhanced at the expense of catalytic performance because the presence of protective layers renders the metal species under the surface shells inaccessible to reactants. Surface exposure and particle stability are two incompatible aspects; their combination is highly desirable for disclosing their inherent functions and applications but remains a substantial challenge for MNPs[@b15][@b16][@b17][@b18][@b19].

In this study, we develop a set of techniques concerning the surface-exposed yet stable MNPs, including a general technique for producing MNPs, a facile method to construct dual-module porous π-network as MNP carriers and a practical application of these surface-exposed MNPs as exceptional active heterogeneous catalysts. We explore the surface-exposed MNPs, with preservation of their stability, using conjugated microporous/mesoporous polymers (CMPs) as matrices through the in situ reductive crystallisation of nanoparticles. CMPs are a class of organic porous polymers that combine the properties of π-conjugated three-dimensional networks and permanent nanopores[@b20][@b21][@b22][@b23][@b24][@b25][@b26][@b27][@b28][@b29][@b30][@b31][@b32][@b33][@b34], in contrast to other porous materials that are not π-conjugated and to conventional conjugated polymers that are nonporous. We design the CMPs with an electron-rich three-dimensional network capable of π-cloud delocalisation for the electronic stabilisation of uncovered MNPs and with a dual-module nanoporous hierarchy in which mesopores spatially confine palladium nanoparticles (PdNPs) and micropores help to block their association. This uncovered configuration exposes the inherent catalytic functions of MNPs. Surface-exposed PdNPs in H~2~P-CMP are highly active heterogeneous catalysts (PdNPs⊃H~2~P-CMP) that function stably in neat water, are robust for repeated use in various cross-coupling reactions and efficiently catalyse even unreactive aryl chlorides for carbon--carbon bond formation. We demonstrate the generality and diverse functions of PdNPs⊃H~2~P-CMP by using three different types of carbon--carbon bond formations, including Suzuki, Sonogashira and Stille reactions with a wide range of various different reactants. PdNPs⊃H~2~P-CMP combines activity, stability, reusability, versatility and environmental benignity that meet the requirements of catalysts for practical application. These results unambiguously reveal the significance of exposed surface in disclosing inherent functions and applications of nanoparticles. The present surface-exposure technique is general and widely applicable to other nanoparticles.

The field of homogeneous palladium catalysis for carbon-carbon bond formation remains problematic with respect to the practical application owing to the difficulty in the separation of expensive catalysts for repeated use and the contamination of products by metal species[@b35][@b36][@b37][@b38]. The development of heterogeneous catalysts has proved to be increasingly important as an attractive solution to these problems. Using aryl chloride substrates is critical for applications, as they are readily available and inexpensive[@b39][@b40]. However, aryl chlorides are much more difficult to activate than the widely employed aryl bromides and iodides. Although heterogeneous palladium catalysts have been investigated for the carbon--carbon bond formation reactions by loading Pd NPs in various porous supporters such as metal-organic frameworks, covalent organic frameworks, CMPs, porous organic polymers, porous carbon, and porous silica, and other carriers such as dendrimers, graphenes, nanotubes, linear polymers, and oligomers ([Table S1](#s1){ref-type="supplementary-material"}), the successful examples that can use aryl chlorides have been very limited; the activation of aryl chlorides remains particularly challenging[@b41][@b42][@b43]. The majority of heterogeneous systems are working in organic solvents or organic-aqueous mixtures ([Table S1](#s1){ref-type="supplementary-material"})[@b44]; the exploration of neat water as solvent is of particular environmental and economic concerns. Cycle performance is crucial for applications, however, satisfying results are rarely achieved for heterogeneous PdNP catalysts thus far reported; the reusability issue remains to be well explored ([Table S1](#s1){ref-type="supplementary-material"}).

Results
=======

Synthesis and characterisation
------------------------------

The key to PdNPs⊃H~2~P-CMP is to combine extended π-cloud delocalisation with dual-module mesopores and micropores in a three-dimensional network ([Figs. 1a, b](#f1){ref-type="fig"}). CMPs are usually obtained as microporous materials; dual-module microporous and mesoporous CMPs are rare[@b21][@b30][@b34]. We observed that the porosity of CMPs is largely dependent on the reaction time. For example, the Yamamoto coupling reaction of 5, 10, 15, 20-tetrakis(4′-bromophenyl)porphyrin for 24 h yielded H~2~P-CMP samples with dual-module mesopores and micropores ([Fig. S1a, b](#s1){ref-type="supplementary-material"}). Further extension of the reaction time caused the mesopores to disappear and eventually resulted in only microporous networks ([Fig. S1c, d](#s1){ref-type="supplementary-material"}). This method is general and applicable to other CMPs[@b21][@b30][@b34]. PdNPs⊃H~2~P-CMP was prepared *via* impregnation of Pd(NO~3~)~2~ in H~2~P-CMP dispersed in THF to generate Pd(II)-impregnated H~2~P-CMP, followed by reduction under H~2~ flow at 200°C ([Supplementary Information, SI](#s1){ref-type="supplementary-material"}). The PdNPs⊃H~2~P-CMP assume a spherical shape with a size of 200--300 nm, as revealed by field-emission scanning electron microscopy (FE-SEM, [Fig. 1a](#f1){ref-type="fig"}). The average size of the PdNPs is 2.4 nm ([Fig. 1b, c](#f1){ref-type="fig"}), and the content of PdNPs in PdNPs⊃H~2~P-CMP is 4.98 wt% as determined by using inductively coupled plasma atomic emission spectroscopy (ICP-AES, [SI](#s1){ref-type="supplementary-material"}). PdNPs⊃H~2~P-CMP is a highly porous dual-module material with a Brunauer--Emmett--Teller surface area of 1031 m^2^ g^−1^ and pore volume of 1.03 cm^3^ g^−1^ ([Figs. 1d, e](#f1){ref-type="fig"}); it contains both mesopores of 3.5 nm and micropores of 1.5 nm ([Fig. 1d](#f1){ref-type="fig"}). The contributions of mesopores and micropores to the total pore volume are 21% and 79%, respectively. Usually, porous materials upon loading of PdNPs leave low BET surface area and small pore volume in the resulted products ([Table S1](#s1){ref-type="supplementary-material"}). Notably, the PdNPs⊃H~2~P-CMP preserves a high BET surface area and large pore volume, as a result of highly porous and dual-module structure of H~2~P-CMP. Such a porous structure benefits the transport of reactants into and products out of the heterogeneous catalysts. High-resolution transmission electron microscopy (HR-TEM) revealed that PdNPs in PdNPs⊃H~2~P-CMP are crystals with clear (111) facets that have a *d*-spacing of 2.24 Å ([Fig. 1d](#f1){ref-type="fig"}). X-ray diffraction (XRD) profiles of PdNPs⊃H~2~P-CMP revealed a series of peaks at 40.7°, 46.7°, 68.2° and 82.2°, which are assigned to the (111), (200), (220) and (311) facets, respectively ([Fig. 1e](#f1){ref-type="fig"}). X-ray photoelectron spectroscopy (XPS) measurements indicate a reduced Pd(0) state on the basis of the characteristic peaks at 334.7 and 340.3 eV, which are assigned to Pd 3d~5/2~ and Pd 3d~3/2~ electrons, respectively ([Fig. 1g](#f1){ref-type="fig"}). The small peaks at 336.1 and 341.2 eV are assignable to Pd(II) 3d~5/2~ and Pd(II) 3d~3/2~ electrons, respectively. The molar ratio of Pd(0) to Pd(II) is estimated to be 97:3 in the CMPs as evaluated from the XPS curves.

H~2~P-CMP with an extended π-conjugation network, as indicated by its red-shifted Soret absorption band ([Fig. S2](#s1){ref-type="supplementary-material"}), constitutes an electron-rich environment that electronically stabilises the uncovered PdNPs[@b45][@b46][@b47]. In the PdNPs⊃H~2~P-CMP, the mesopores (3.5 nm) are much larger than the average size (2.4 nm) of PdNPs, in addition to the presence of micropores, thus leaving sufficient space for mass transfer to PdNPs. The dual-module porous structure helps lock PdNPs within the mesopores because PdNPs are too large to pass through the micropores. PdNPs⊃H~2~P-CMP is stably dispersible in neat water ([Fig. S3](#s1){ref-type="supplementary-material"}) and is thermally stable up to 500°C ([Fig. S4](#s1){ref-type="supplementary-material"}).

Heterogeneous catalysis of Suzuki reaction
------------------------------------------

The Suzuki cross-coupling reactions of various aryl chlorides with arylboronic acids were investigated in the presence of the PdNPs⊃H~2~P-CMP catalyst ([Table 1](#t1){ref-type="table"}). Suzuki coupling reactions are typically conducted in organic solvents or in aqueous-organic mixed solvents ([Table S1](#s1){ref-type="supplementary-material"}). The use of neat water as an environmentally benign solvent has received considerable attention with respect to green chemistry.

The heterogeneous catalytic reaction was carried out in neat water at 80°C ([Table 1](#t1){ref-type="table"}). A phase-transfer reagent, tetrabutylammonium bromide (TBAB), was added to enhance the reactivity in water (for optimized condition see [Table S2](#s1){ref-type="supplementary-material"}). As a result, we were able to lower the catalyst loading to 0.5 mol% ([Table S3](#s1){ref-type="supplementary-material"}). Outstanding catalytic activity was observed for the coupling reaction of chlorobenzene (entry 1) and activated aryl chlorides, such as 4-chlorobenzonitrile (entries 2 and 3), 4-acetyl-1-chlorobenzene (entry 4), 1-chloro-4-formyl-benzene (entry 5), 1-chloro-4-fluoro-benzene (entry 6) and 1-chloro-4-nitrobenzene (entry 7), with phenylboronic acid.

High activities were achieved using the PdNPs⊃H~2~P-CMP catalyst for deactivated aryl chlorides, such as 1-chloro-4-methyl-benzene (entry 8), 1-chloro-4-methoxy-benzene (entry 9) and 1-chloro-3-methyl-benzene (entry 10). PdNPs⊃H~2~P-CMP catalysed efficiently non-robust hetero cross-coupling reactions in which steric hindrance at ortho-positions relative to the chloride group are unreactive and are typically difficult to accomplish[@b48][@b49]. Notably, the PdNPs⊃H~2~P-CMP catalyst successfully facilitated the coupling reactions of the severely deactivated aryl chlorides, such as 2-chlorotoluene (entry 11), 2-chlorobenzonitrile (entry 12) and 1-chloro-2, 5-dimethyl-benzene (entry 13), with phenylboronic acid. These coupling reactions were achieved in excellent yields. Phenylboronic acids with different substituents, such as 4-cyano-phenylboronic acid (entry 2), 4-methylphenylboronic acid (entries 3, 8 and 12) and 4-methoxyphenylboronic acid (entry 7), are favourable for catalysis by PdNPs⊃H~2~P-CMP. All of the coupling reactions, irrespective of the types and positions of the substituent groups, proceeded cleanly and highly efficiently in water.

The Suzuki coupling reaction catalysed by PdNPs⊃H~2~P-CMP was promoted using microwave irradiation at 100°C with the same catalyst loading of 0.5 mol% ([Table 1](#t1){ref-type="table"}). The reaction time was shortened from 12 h to only 25 min while preserving the high yields ([Table 1](#t1){ref-type="table"}). Remarkably, the coupling of phenylboronic acid with unreactive aryl chlorides such as 2-chlorotoluene (entry 11), 2-chlorobenzonitrile (entry 12) and 1-chloro-2,5-dimethyl-benzene (entry 13), proceeded smoothly and achieved high yields upon 25-min microwave irradiation.

The coupling reaction of chlorobenzene and phenylboronic acid was further performed in the presence of commercially available Pd catalysts, including heterogeneous catalysts Pd/C and Pd/Al~2~O~3~ and the authentic homogeneous catalyst Pd(OAc)~2~, and gave rise to rather low yields (entries 14--16). To the best of our knowledge, PdNPs⊃H~2~P-CMP exhibits the highest catalytic activity reported to date for the heterogeneous Suzuki coupling reactions of aryl chlorides ([Table S1](#s1){ref-type="supplementary-material"}).

Heterogeneous catalysis of Sonogashira reaction
-----------------------------------------------

Encouraged by the notable catalytic performance of PdNPs⊃H~2~P-CMP in the Suzuki coupling reaction, we performed a Sonogashira coupling reaction of aryl chlorides with alkynes in the presence of the PdNPs⊃H~2~P-CMP catalyst. Typically, the use of aryl chlorides requires a high catalyst loading, elevated reaction temperature, prolonged reaction time and the use of either CuI as co-catalyst or large amounts of ligands such as phosphines[@b36]. Remarkably, we were able to conduct efficient ligand and copper-free Sonogashira coupling reactions of various aryl chlorides at 80°C in the presence of PdNPs⊃H~2~P-CMP in neat water without enhanced catalyst loading ([Table 2](#t2){ref-type="table"}). High activity was achieved for the reactions of phenylacetylene with chlorobenzene (entry 1) and activated aryl chlorides, such as 1-chloro-4-nitrobenzene (entries 2 and 3), 1-chloro-4-acetylbenzene (entry 4) and 1-chloro-4-trifluoromethylbenzene (entry 5). The coupling reactions of these aryl chlorides are achieved in 94-96% yields. Deactivated aryl chlorides such as 4-chloro-toluene (entries 6 and 7), 1-chloro-4-methoxybenzene (entry 8) and 1-chloro-4-ethylbenzene (entry 9) were efficiently activated by PdNPs⊃H~2~P-CMP to afford good yields. In addition to aryl chlorides, a heteroaryl chloride, 2-chloropyridine (entry 10), which is particularly detrimental to the catalytic activity of palladium[@b49], was readily activated by PdNPs⊃H~2~P-CMP to give high yield. Notably, severely deactivated aryl chlorides such as 2-chlorobenzonitrile (entry 11) and 1-chloro-2, 5-dimethyl-benzene (entry 12) reacted with phenylacetylene effectively and achieved satisfactory yields of 84% and 90%, respectively, without requiring a higher reaction temperature or an enhanced loading of the catalyst. The PdNPs⊃H~2~P-CMP exhibited high activity, regardless of the presence of activated and deactivated substituents, toward phenylacetylene (entries 3, 5, 7, 9 and 10). Notably, this is the first successful example of a heterogeneous PdNP catalyst for the Sonogashira reaction of aryl chlorides in neat water ([Table S1](#s1){ref-type="supplementary-material"}).

Microwave irradiation also promoted the Sonogashira couplings catalysed by PdNPs⊃H~2~P-CMP. As shown in [Table 2](#t2){ref-type="table"}, the reaction time was significantly shortened, to 20 min, whereas the yields were improved to 90--96%, irrespective of substituents on both reactants.

Heterogeneous catalysis of Stille reaction
------------------------------------------

On the basis of these results, we conducted the Stille coupling reaction of aryl chlorides with organostannanes in the presence of PdNPs⊃H~2~P-CMP in neat water at 80°C ([Table 3](#t3){ref-type="table"}). To our best knowledge, heterogeneous catalysts that activate aryl chlorides for the Stille reaction in water have been very limited ([Table S1](#s1){ref-type="supplementary-material"})[@b23]. The reaction of chlorobenzene (entry 1), activated aryl chlorides, such as 4-acetyl-1-chlorobenzene (entry 2), 1-chloro-4-formylbenzene (entry 3), 1-chloro-4-fluorobenzene (entry 4) and 1-chloro-3-nitrobenzene (entry 5) with trimethyl(phenyl)stannane proceeded smoothly in 5 h, with complete conversion and high yields of 93--96%. Satisfyingly, deactivated 1-chloro-4-methoxybenzene was efficiently converted in 5 h, with an impressive yield of 94% (entry 6). Furthermore, for severely deactivated 2-chlorotoluene (entry 7), 2-chlorobenzonitrile (entry 8) and 1-chloro-2, 5-dimethyl-benzene (entry 9), the Stille reaction catalysed by PdNPs⊃H~2~P-CMP afforded noteworthy yields of 94%, 86% and 88%, respectively; no prolonged reaction times or elevated reaction temperatures are required. To our knowledge, this result also represents the first example of a MNP-catalysed heterogeneous Stille coupling reaction of aryl chlorides ([Table S1](#s1){ref-type="supplementary-material"}). Under microwave irradiation at 100°C, the Stille coupling of aryl chlorides with organostannne was further promoted; PdNPs⊃H~2~P-CMP completely converts all of the aryl chlorides, reaching high yields in only 15 min, irrespective of their substituents ([Table 3](#t3){ref-type="table"}).

PdNPs⊃H~2~P-CMP efficiently catalyses aryl chlorides in Suzuki, Sonogashira and Stille coupling reactions. One of the structural features of PdNPs⊃H~2~P-CMP is the uncovered PdNPs with a catalytically active Pd(0) surface that is readily accessible to aryl chlorides. Mechanistically, oxidative addition of aryl chlorides to Pd(0) is the key step for the coupling reaction. The superb catalytic activity observed for PdNPs⊃H~2~P-CMP indicates that PdNPs⊃H~2~P-CMP facilitates the oxidative addition step as well as the reductive elimination.

Discussions
===========

Turnover number and frequency
-----------------------------

We evaluated the turnover number (TON) and turnover frequency (TOF) with 0.02 mol% Pd for the aforementioned three types of C--C bond formation reactions using 50 mmol of chlorobenzene under microwave irradiation conditions. Remarkably, for the Suzuki coupling of chlorobenzene and phenylboronic acid, the yield was 96% after 45 min; thus, the TON and TOF were 4800 and 6400 h^−1^, respectively. The Sonogashira reaction of chlorobenzene and phenylacetylene reached 98% yield in 30 min; the TON and TOF were evaluated to be 4900 and 9800 h^−1^, respectively. In the Stille reaction of chlorobenzene and trimethyl(phenyl)stannane, 96% yield was achieved in 20 min; the TON and TOF were 4800 and 14400 h^−1^, respectively. Most of the heterogeneous PdNP catalytic systems have not been evaluated their TON and TOF values ([Table S1](#s1){ref-type="supplementary-material"}). In [Table S1](#s1){ref-type="supplementary-material"}, the reaction yields are given in percentage when the Pd catalysts utilized the aryl chlorides as substrates. While the Pd catalysts are inactive for the aryl chlorides, the symbol "−" was used for the yield. As summarized in [Table S1](#s1){ref-type="supplementary-material"}, PdNP⊃H~2~P-CMP affords the highest yields among the catalysts.

Kinetic aspects
---------------

Kinetic studies were conducted through the entire reaction region between 0% and 100% conversion, with each experiment performed at least in duplicate, whereas the average conversions were used for kinetics evaluations. The decease of chlorobenzene (open circles) and increase of the product (filled circles) in the coupling reactions are straightforward and the catalytic reactions proceed smoothly ([Figure 2a--c](#f2){ref-type="fig"}). It is noteworthy that no induction periods are observable for these surface-exposed metal nanoparticle heterogeneous catalytic systems.

Under the reported conditions, all of the model reactions showed apparent first-order behavior ([Figure 2d--f](#f2){ref-type="fig"}), consistent with a zero-order dependence on phenylboronic acid, phenylacetylene and trimethyl(phenyl)stannane. The rate constant (*k*~obs~) and lifetime (*t*~1/2~) were calculated to be *k*~obs~ = 0.222 ± 0.006 h^−1^ and *t*~1/2~ = 4.96 h for Suzuki reaction, *k*~obs~ = 0.704 ± 0.014 h^−1^ and *t*~1/2~ = 1.96 h for Sonogashira reaction and *k*~obs~ = 0.920 ± 0.027 h^−1^ and *t*~1/2~ = 1.64 h for Stille reaction. The average catalytic productivity and activity of PdNPs⊃H~2~P-CMP are increased in the order of Suzuki, Sonagashira and Stille reactions. A plausible explanation for the observed first-order rate may involve the oxidative addition of aryl chlorides to the surface-exposed nanoparticle catalyst as the rate-determining step, while the capture of corresponding Pd-intermediates by phenylboronic acid, phenylacetylene or trimethyl(phenyl)stannane is immediate with a consequent rapid reductive elimination to yield the corresponding cross-coupling products.

Catalyst longevity
------------------

A long catalyst lifetime and the capability of repeated use are highly desired for industrial applications. The PdNPs⊃H~2~P-CMP catalyst is easily separated from the reaction mixture and recovered; filtration and subsequent rinsing with solvents and water refreshed the catalyst for the next reaction round. As for the heterogeneous PdNP catalysts thus far reported, their ability of cycle use for the activation of aryl chlorides remains unclear ([Table S1](#s1){ref-type="supplementary-material"}). In general, MNP catalysts undergo considerable agglomeration during reactions and finally lose activity. PdNPs⊃H~2~P-CMP was subjected to repeated use for the Suzuki, Sonagashira and Stille coupling reactions under both thermal and microwave conditions. Notably, the PdNPs⊃H~2~P-CMP catalyst retained its high activities and achieved high yields even after 10 cycles ([Figure 2g--i](#f2){ref-type="fig"}), without the use of a prolonged reaction time or elevated reaction temperature. The PdNPs⊃H~2~P-CMP catalyst exhibits the longest catalyst lifetime reported to date for heterogeneous carbon-carbon bond formation reactions. Together with the high activity and broad reactant scope, the excellent extended performance renders PdNPs⊃H~2~P-CMP a more economic and environmentally benign process.

To gain structural insights into the extended performance of PdNPs⊃H~2~P-CMP, we characterised the catalyst after 10 cycles using various analytical methods. Firstly, the size distribution of PdNPs was almost unchanged after ten cycles ([Fig. S5a--c](#s1){ref-type="supplementary-material"}), which suggests that the agglomeration of PdNPs was negligible ([Fig. S5d--f](#s1){ref-type="supplementary-material"}). Secondly, XRD measurements revealed that the crystal structure of PdNPs in PdNPs⊃H~2~P-CMP was retained after 10 cycles ([Fig. S6](#s1){ref-type="supplementary-material"}). The XPS profile suggests that PdNPs are retained in the Pd(0) state ([Fig. S7](#s1){ref-type="supplementary-material"}). Thirdly, ICP-AES monitoring of the filtrates of the reaction mixtures revealed that no Pd was leached during 8 cycles, while was less than 0.01 mol% of the starting Pd catalyst in the filtrates of the reaction mixtures was detected after nine cycles. The Pd content in PdNPs⊃H~2~P-CM after 10 cycles was 4.96 wt%, which is very close to that (4.98 wt%) of the pristine catalyst. These results indicate that PdNPs⊃H~2~P-CMP is maintained within the pores of three-dimensional π-network, without losing its crystallinity and catalytic activity.

In summary, we have developed the techniques for producing surface-exposed yet stable metal nanoparticles by locking them within a dual-module mesoporous and microporous three-dimensional π-network. The palladium nanoparticles exhibit inherently superior activity in the heterogeneous catalysis of different types of carbon--carbon bond formation reactions. Unreactive aryl chlorides are efficiently catalysed in Suzuki, Sonogashira and Stille coupling reactions in neat water under mild conditions. This novel class of heterogeneous catalysts, unlike previous examples thus far reported, combines activity, stability, reusability, versatility and environmental compatibility; these advantages offer a plausible solution to long-standing challenges for real applications in the field of heterogeneous catalyst. Therefore, these advancements open new perspectives in the design of heterogeneous catalysts for the sustainable production of fuels and chemicals. The present technique is applicable to producing various surface-exposed metal nanoparticles; utilization of this technique may disclose inherent functions and applications of other nanoparticles.

Methods
=======

H~2~P-CMP
---------

1,5-Cyclooctadiene (65 mg, 0.802 mmol) was added to a solution of bis(1,5-cyclooctadiene)nickel(0) (170 mg, 0.62 mmol) and 2, 2′-bipyridyl (96 mg, 0.62 mmol) in freshly distilled dehydrated dioxane (10 mL) and the mixture was heated at 90°C for 1 h. To the purple mixture solution was added 5, 10, 15, 20-tetrakis(4\'-bromophenyl)porphyrin (121 mg, 0.13 mmol) and the mixture was stirred at 100°C for 24 h. After cooling, concentrated HCl (4 mL) was added to the mixture. The precipitate was collected by filtration, washed with saturated aqueous ethylenediaminetetraacetic acid solution (50 mL), H~2~O (30 mL × 5), CHCl~3~ (30 mL × 5) and THF (30 mL × 5), extracted by using Soxhlet with methanol, acetone and THF for 2 days, respectively, and dried at 150°C under vacuum overnight, to afford H~2~P-CMP as red purple powders in 91% isolation yield.

PdNPs⊃H~2~P-CMP
---------------

An H~2~P-CMP sample (500 mg) was dispersed in THF (10 mL) and was stirred for 2 h at room temperature. A THF solution (1 mL) of 150 mg Pd(NO~3~)~2~·2H~2~O was added dropwise to the H~2~P-CMP dispersion under vigorous stirring. The 20 mL vial containing the slurry was subjected to ultrasounication for 30 min and was then magnetically stirred at room temperature for 48 h. The Pd(II)-impregnated H~2~P-CMP sample was collected by filtration, washed with THF till the filtrate became colorless and was slowly dried in air at room temperature for 24 h to yield Pd(II)**⊃**H~2~P-CMP. The Pd(II)**⊃**H~2~P-CMP sample was further dried at 150°C under vacuum overnight and heated in a stream of H~2~ at 200°C for 6 h to yield PdNPs**⊃**H~2~P-CMP.

General procedure for Suzuki coupling reactions
-----------------------------------------------

Aryl chlorides (0.50 mmol), arylboronic acids (0.75 mmol), PdNPs⊃H~2~P-CMP (0.5 mol%), TBAB (0.5 mmol) and 1.5 M KOH aqueous solution (1 M) were added to a 5 mL dry Schlenk tube with a stirring bar. Argon was bubbled through the solution for 10 min. The reaction mixture was stirred at 80°C for 12 h and then cooled to room temperature. After separating the catalyst by filtration, the aqueous phase was extracted with EtOAc (3 mL × 5) and the collected organic phase was dried over anhydrous magnesium sulfate, evaporated to dryness and further purified by silica gel column chromatography.

General procedure for Sonogashira coupling reactions
----------------------------------------------------

Aryl chlorides (0.5 mmol), alkynes (0.6 mmol), PdNPs⊃H~2~P-CMP (0.5 mol%), TBAB (0.5 mmol), and 1.5 M Cs~2~CO~3~ aqueous solution (1 mL) were added to a 5 mL dry Schlenk tube with a stirring bar. Argon was bubbled through the solution for 10 min. The reaction mixture was stirred at 80°C for 8 h and then cooled to room temperature. After separating the catalyst by filtration, the aqueous phase was extracted with EtOAc (3 mL × 5) and the collected organic phase was dried over anhydrous magnesium sulfate, evaporated to dryness and further purified by silica gel column chromatography.

General procedure for Stille coupling reactions
-----------------------------------------------

Aryl chlorides (0.5 mmol), trimethyl(phenyl)stannane (0.6 mmol), PdNPs⊃H~2~P-CMP (0.5 mol%), TBAF (1.5 mmol) and water (1 mL) were added to a 5 mL dry Schlenk tube with a stirring bar. Argon was bubbled through the solution for 10 min. The reaction mixture was stirred at 80°C for 5 h and then cooled to room temperature. After separating the catalyst by filtration, the aqueous phase was extracted with EtOAc (3 mL × 5) and the collected organic phase was dried over anhydrous magnesium sulfate, evaporated to dryness and further purified by silica gel column chromatography.

General procedure for cycle use
-------------------------------

For testing cycle performance of PdNPs⊃H~2~P-CMP, coupling reactions were conducted by maintaining the same reaction conditions as described above, except the catalyst. The catalyst was isolated by filtration of the reaction mixture at the end of each cycle, washed with toluene, THF and water and then dried at 120°C under vacuum overnight. The catalyst was used in the next-round reaction.
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![Reaction kinetics and cycle performance.\
(a--c), Kinetics of (a) Suzuki, (b) Sonogashira and (c) Stille coupling reactions between chlorobenzene (CB) and phenylboronic acid phenylacetylene or trimethyl(phenyl)stannane (open circle: the remained CB concentration relative to loading concentration; filled circle: the coupling product concentration). (d--f), Plot of natural logarithm of the remained concentration of CB during reaction *vs.* time in (d) Suzuki, (e) Sonogashira and (f) Stille coupling reactions. (g--i), Recycling of PdNPs⊃H~2~P-CMP (0.5 mol% Pd) for (g) Suzuki, (h) Sonogashira and (i) Stille coupling reactions under thermal (red bar) and microwave (black bar) conditions.](srep07228-f2){#f2}

###### Suzuki cross-coupling reactions of aryl chlorides with aryl boronic acids under thermal[\[a\]](#t1-fn1){ref-type="fn"} and microwave[\[b\]](#t1-fn2){ref-type="fn"} conditions

  ----------------------------------- ----------- -------- -- -------------
  1                                       H-         H-        96^a^/95^b^
  2                                      4-CN-     4-CN-          95/94
  3                                      4-CN-     4-Me-          94/96
  4                                    4-Acetyl-     H-           97/97
  5                                     4-CHO-      4-H-          93/91
  6                                      4-F-        H-           93/95
  7                                    4-NO~2~-    4-MeO-         91/94
  8                                      4-Me-     4-Me-          94/96
  9                                     4-MeO-       H-           94/92
  10                                     3-Me-       H-           95/94
  11                                     2-Me-       H-           84/89
  12                                     2-CN-     4-Me-          89/95
  13                                    1,3-Me       H-           82/86
  14[\[d\]](#t1-fn4){ref-type="fn"}       H-         H-           58/62
  15[\[e\]](#t1-fn5){ref-type="fn"}       H-         H-           54/61
  16[\[f\]](#t1-fn6){ref-type="fn"}       H-         H-           46/51
  ----------------------------------- ----------- -------- -- -------------

^\[a\]^Conditions: aryl chlorides (0.5 mmol), arylboronic acids (0.75 mmol), PdNPs⊃H~2~P-CMP (0.5 mol% Pd), TBAB (0.5 mmol), 1.5 M KOH aqueous solution (1 mL), 80°C, 12 h, Ar.

^\[b\]^Conditions: aryl chlorides (0.5 mmol), arylboronic acids (0.75 mmol), PdNPs⊃H~2~P-CMP (0.5 mol% Pd), 1.5 M KOH aqueous solution (1 mL), microwave, 100°C, 25 min, Ar.

^\[c\]^Isolated yields after purification by chromatography.

^\[d\]^0.5 mol% of Pd (5 wt% Pd/C).

^\[e\]^0.5 mol% of Pd (5 wt% Pd/Al~2~O~3~).

^\[f\]^0.5 mol% of Pd(OAc)~2~.

###### Sonogashira cross-coupling reaction of aryl chlorides with terminal alkynes under thermal[\[a\]](#t2-fn1){ref-type="fn"} and microwave[\[b\]](#t2-fn2){ref-type="fn"} conditions

  ---- ---------------------------------------- ------------ -- ---------------------------------------------------------------------
  1                       H-                         H-          95[\[a\]](#t2-fn1){ref-type="fn"}/96[\[b\]](#t2-fn2){ref-type="fn"}
  2                    4-NO~2~-                      H-                                         95/95
  3                    4-NO~2~-                    4-MeO-                                       96/94
  4                   4-Acetyl-                      H-                                         94/96
  5                    4-CF~3~-                      H-                                         96/96
  6                     4-Me-                        H-                                         92/95
  7                     4-Me-                      4-Me-                                        95/94
  8                     4-MeO-                       H-                                         94/95
  9                     4-Et-                      4-MeO-                                       89/92
  10    2-Cl-Py[\[d\]](#t2-fn4){ref-type="fn"}   4-EtO~2~C-                                     88/90
  11                    2-CN-                        H-                                         84/89
  12                   1,3-Me-                       H-                                         90/93
  ---- ---------------------------------------- ------------ -- ---------------------------------------------------------------------

^\[a\]^Conditions: aryl chlorides (0.5 mmol), alkynes (0.6 mmol), PdNPs⊃H~2~P-CMP (0.5 mol% Pd), TBAB (0.5 mmol), 1.5 M Cs~2~CO~3~ aqueous solution (1 mL), 80°C, 8 h, Ar.

^\[b\]^Conditions: aryl chlorides (0.5 mmol), alkynes (0.6 mmol), PdNPs⊃H~2~P-CMP (0.5 mol% Pd), TBAB (0.5 mmol), 1.5 M Cs~2~CO~3~ aqueous solution (1 mL), microwave, 100°C, 20 min, Ar.

^\[c\]^Isolated yields after purification by chromatography.

^\[d\]^2-Chloropyridine.

###### Stille cross-coupling reaction of aryl chlorides with trimethyl(phenyl)stannane under thermal[\[a\]](#t3-fn1){ref-type="fn"} and microwave[\[b\]](#t3-fn2){ref-type="fn"} conditions

  --- ----------- -- ---------------------------------------------------------------------
  1       H-          97[\[a\]](#t3-fn1){ref-type="fn"}/96[\[b\]](#t3-fn2){ref-type="fn"}
  2    4-Acetyl-                                     96/96
  3     4-CHO-                                       94/95
  4      4-F-                                        95/97
  5    3-NO~2~-                                      93/96
  6     4-MeO-                                       94/95
  7      2-Me-                                       94/93
  8      2-CN-                                       86/84
  9     1,3-Me-                                      88/90
  --- ----------- -- ---------------------------------------------------------------------

^\[a\]^Conditions: aryl chlorides (0.5 mmol), trimethyl(phenyl)stannane (0.6 mmol), PdNPs⊃H~2~P-CMP (0.5 mol% Pd), TBAF (1.5 mmol), 80°C, 5 h, Ar.

^\[b\]^Conditions: aryl chlorides (0.5 mmol), trimethyl(phenyl)stannane (0.6 mmol), PdNPs⊃H~2~P-CMP (0.5 mol% Pd), TBAF (1.5 mmol), microwave, 100°C, 15 min, Ar.

^\[c\]^Isolated yields after purification by chromatography.
